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ABSTRACT 
Electrical wavelength tunable pulses have been generated from semiconductor lasers 
and fiber laser based on the scheme of compensated dispersive tuning. 
«r -
With synchronous two-way injection seeding, wavelength tunable pulses are 
generated from two mutuaUy injection seeded Fabry-Perot laser diodes (FP-LD). The 
wavelength tuning is achieved by electrical control of the delay time between two RF 
signals driving the lasers. The use of both dispersion-compensating fiber and single-
mode fiber with equal and opposite group velocity dispersion allows electrical 
wavelength tuning to be performed at a constant repetition rate. Tuning with Hnear 
characteristic is observed. The outputs are obtained at 1 GHz and exhibit a SMSR of 
about 30 dB. 
$1 
W e also demonstrated the scheme of compensated dispersion tuning to generate 
electrically wavelength-tunable short pulses from a self-seeded Fabry-Perot laser 
diode. Tuning characteristic is improved that every longitudinal mode of the FP-LD 
is accessible. Single-mode pulses with a side-mode-suppression-ratio over 30 dB are 
obtained across most of the 18.5 nm tuning range in the all-fiber configuration. The 
output characteristics obtained at different ports are also compared. 
Based on the same idea of the compensated dispersive tuning, electrical wavelenth 
tuning of wavelength has been demonstrated in a harmonically mode-locked fiber 
ii 
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laser using a compensated dispersion-tuning approach. Tuning is also achieved by 
controUing the delay time between electrical pulse signals applied to two modulators 
connecting the SMF and the DCF. The tuning relation exhibits a Unear characteristic 
and matches with the calculated result. A 21.5 nm tuning range is obtained with an 
extinction ratio as high as 47 dB at a constant operating frequency of 1 GHz. Pulse 
with pulse width of 4.64 ps is obtained with corresponding time-bandwidth product 
of0.32 
To overcome drawback on stability in compensated dispersive tuned fiber laser using 
fibers as dispersion medium, DCF and SMF are replaced by single linearly chirped 
fiber Bragg grating (LCFBG), significantly improved stability is obtained with super 
mode suppression ratio up to 45 dB. The obtained pulse width and linewidth are 
about 30 ps and 0.25 nm respectively. The correspond time-bandwidth is about 0.9. 
Based .on the scheme of compensated dispersive tuning, we propose and 
“ 
experimentaUy demonstrate a scheme for wavelength switching in actively mode-
locked fiber laser integrated with fiber Bragg gratings (FBG) in cascaded 
configuration. The time delay to swkch between wavelengths depends on the fiber 
length between adjacent FBG's. Five-wavelength switching is achieved at a constant 









調諧可以實現。調諧性質爲線性關係° 1 GHz脈衝輸出的鄰模壓抑率爲30 dB ° 
同時我們也在單一自生生長的FP激光器中利用補償色散調諧產生了波長 
可電調諧的脈衝，激光器中每個縱模均可產生的單模振蕩。產生的單模脈衝在 





數値。實現了 1 GHz下21.5 nm的波長調諧頻寬和高達47 dB的熄滅率。獲得 
的脈衝寬度爲4.64 ps，其對應的時間頻寬積爲0. 32。 
爲了克服補償色散調諧光纖激光器中穩定性的問題，腔內DCF和SMF被 
光纖布拉格光珊所代替°穩定性明顯的改善。超模壓抑率爲4.5 dB °獲得的脈 




得到了實現，對應的媳滅率約爲40 dB o 
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ELECTRICAL WAVELENGTH-TUNABLE 
PULSES GENERATED FROM 
SEMICONDUCTOR LASERS AND 
ERBRJM DOPED FffiER LASERS 
1 INTRODUCTION 
This chapter reviews the different approaches of wavelength-tunable pulse 
generation from both semiconductor lasers and fiber lasers. Section 1.1 presents an 
overview on different schemes of generating ultrashort optical pulse. Section 1.2 and 
Section 1.3 focus on wavelength tunable pulses generation from semiconductor laser 
and fiber laser respectively. Section 1.4 outHnes the structure ofthis thesis. 
“ 
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1.1 Ultrashort Pulses Generation in Semiconductor Lasers and 
Fiber Lasers 
Ultrashort pulse can be generated from semiconductor laser by different techniques, 
including gain switching, Q-switching and mode locking. Gain switching can be 
realized using diode laser with any structure. It do.not need extemal cavity and no 
sophisticated fabrication technology is required. With laser diode under gain 
switching operation, the laser diode is biased with dc current that is below threshold. 
Gain-switched pulse can be generated with strong RF modulation. The fast leading 
edge of the RF signal excites the first spike of relaxation oscillation. Before onset of 
the next spike, the electrical pulse terminates and optical pulse with narrow pulse 
width is then generated. The pulse width Hes in picosecond or namosecond range. 
Gain switching is relatively simple and it can generate pulse at arbitrary repetition 
frequency. However, pulse from gain switched laser diode is frequency chirped and 
therefore extemal pulse compressor is needed. 
n 
Q-switching is not widely used in generating ultrashort optical pulse as gain 
switching technique. Li Q-switched semiconductor laser, modulator or saturible 
absorber is fabricated. The modulator or saturable absorber acts as an optical shutter. 
When the shutter is closed, owing to the huge cavity loss, lasing can not occur. 
Because of pumping of the active medium, the occupation inversion is well above 
threshold. If the shutter opens within a short time, since the gain in laser considerably 
exceeds the loss and accumulated energy will be emitted in form of short and intense 
optical pulse. The output also suffers from frequency chirping. 
2 
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Mode locking is achieved by fixing the phase relationship between the different 
longitudinal modes of the semiconductor laser such that aU modes are approximately 
in phase. La semiconductor laser diode, it is done by a modulation current applying 
on the laser diode, or by fabricating saturable absorber in the laser cavity. Optical 
pulse generated from semiconductor laser diode exhibits short pulse width, high peak 
power, minimum time-bandwidth product and small timing jitter. 
Ultrashort pulse generating from erbium doped fiber laser is mainly achieved by 
mode-locking operation, which can be divided into two major categories, passive 
mode locking and active mode locking. Actively mode-locked fiber laser is able to 
generate ultrashort pulse at high bit rate with low timing jkter. Therefore, it is 
suitable for optical communication applications. To obtain high pulse repetition rate, 
a modulator is inserted in the cavity and it is driven at harmonic of the round trip 
cavity frequency. Mode locked pulse from erbium doped fiber laser suffers from the 
pulse energy fluctuation, which originates from the relative long relaxation time 
(lOms)ofEr+3gain. •‘ 
3 
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12 Wavelength Tunable Pulses Generation From 
Semiconductor Lasers 
Semiconductor laser is widely used as optical source for many applications owing to 
its compactness and simpUcity. Particularly, wavelength tunable semiconductor laser 
is vitally important in different areas, such as time division multiplexing (TDM),. 
wavelength division multiplexing (WDM), optical sensing, material characterization 
etc. 
Wavelength tunable pulse can be readily generated by ][iF modulation of distributed 
Bragg reflector (DBR) laser. By employing distributed feedback mechanism, grating 
is etched at both rear end and front end of the cavity. Wavelength tuning can be 
achieved by injecting carrier into the reflecting region. The refractive index is 
modulated by the carrier plasma effect and therefore reflecting wavelength shifts 
from original one. Currently, efforts have been putting by various research groups. 
D B R laser exhibits compactness and fast tuning speed (0.5-15 ns) [l-3]. But the 
•I 
tuning range is Hmited (-10 nm) [4-7]. 
Tuning range is dramatically enhanced in superstructure grating (SSG) D B R laser. 
With SSG design, the reflecting peak spacing of the frond SSG is slightly different 
from that of rear one. With such design, only one reLfecting peak in both SSG wiU be 
matched. And the single mode oscHlation will be build up at the matched reflecting 
peak. By electrically controUing the injection current into the reflector regions, 
wavelength tuning can be performed up to 100 nm [8]. However, side-mode-
4 
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suppression-ratio (SMSR) varies significantly on wavelength, quasi-continuous 
tuning is observed. 
SiQgle mode output can be obtained from Fabry-Perot (FP) laser diode by extemal 
injection seeding and setf-injection seeding. Without complicated fabrication process 
necessary for D B R laser, FP laser diode can be easily fabricated and hence low in 
cost. Generating wavelength tunable pulse from FP laser diode is therefore attractive 
in many applications. With extemal injection seeding, output from a tunable source 
is injected into a FP laser diode to induce single mode oscillation, SMSR up to 30 dB 
can be obtained. With FP laser diode under gain switched operation, wide-tuning 
range of 40 nm (/mod ~ 11 GHz) was reported [9]. 
Wavelength tunable single mode output can be also obtained from FP laser diode by 
scheme of self-injection seeding. By forming an extemal cavity, part of the output is 
feedback to the laser diode. Conventionally, there are two approaches. (1) Placing 
wavelength selective element in the extemal cavity. Output filtered by FP resonator 
[10], grating [11] is injected back the laser diode and single mode oscillation is 
induced. Wavelength tuning can be achieved by mechanical movement of these 
wavelength selecting device and hence introduce Umitation on both stability and 
tuning speed. With optical acoustic filter integrated in the cavity, the problem can be 
overcome. (2) The extemal cavity can be made wavelength dependent by inserting 
fiber with large dispersion [12] or chirped fiber Bragg grating [13]. The cavity 
propagation time is different for each wavelength components. The FP laser diode is 
gain-switched and only the wavelength component, which arrives at laser diode at 
5 
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pulse build up time, can be successfully seeded and induce single mode oscillation. 
Wavelength tuning can be accomplished by changing the repetition frequency 
driving the FP laser diode. The technique is relatively simple and stable. However, 
wavelength tuning must be performed by changing the repetition frequency and 
hence it is not suitable for certain applications, Uke W D M communication. 
“ <r 
Wavelength tunable output can be also obtained by other special designed laser 
structure, Hke cleaved-coupled-cavky (C^ ) laser, in which two cavity resonator are 
self-aligned and closely coupled with a smaU gap in between. By controUing the 
injection current, effective refractive index in both cavities can be varied. Single 
mode operation is resulted at matched resonant wavelength of both cavities. 
Wavelength tuning with tuning range of 26 nm was reported [14]. The SMSR up to 
30 dB is also possible. With monoHthically fabricated electrostaticaUy movable 
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1.3 Wavelength Tunable Pulses Generation from Erbium 
Doped Fiber Lasers 
Actively mode locked fiber lasers are also leading candidates for sources in optical 
communication system because they can generate high quaUty pulse at 1.55 m m with 
high repetition rate. Fiber laser able to generate wavelength tunable pulse is “ 
especially important in future W D M communication system. Wavelength tuning in 
fiber laser is achieved with similar approaches applied in semiconductor Fabry-Perot 
laser diode. Wavelength tuning is performed by tuning wavelength selective element, 
FP etalon [16], optical acoustic filter or fiber Bragg grating (FBG) [17]. Alternative 
way is to connecting highly wavelength dispersive medium in the cavity such that the 
fiber laser can dispersive tuned by changing the driving frequency of the modulator 
[ 1 8 ] . 
“ 
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1.4 Structure of the thesis 
The work of the thesis focuses on electrical wavelength-tunable pulses generation 
from semiconductor lasers and fiber lasers. Different configurations of 
semiconductor lasers and fiber lasers based on the scheme- of compensated dispersive 
tuning are studied. 
Chapter 1 presents the different techniques of ultrashort optical pulse generation and 
reviews the various schemes of generating wavelength tunable pulses from 
semiconductor laser and fiber lasers. 
Chapter 2 gives the general ideas of compensated dispersive tuning in semiconductor 
laser and fiber lasers. The principle of wavelength switching based on the same idea 
in modified configuration is also proposed. 
Chapter 3 focuses on the experiment of wavelength tunable pulse generation by 
synchronous two-way injection seeding, in which two mutuaUy seeded Fabry-Perot 
laser diodes are used. 
Chapter 4 demonstrates the same tuning scheme in self-injection seeding 
configuration, in which a Fabry-Perot laser diode and an optical amplitude modulator 
are used. 
Chapter 5 details the compensated dispersive tuning in actively mode-locked fiber 
laser, in which two amplitude modulators are used. Electrical wavelength tuning is 
achieved by controUing the time delay between RF signals driving the modulators. 
8 
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Chapter 6 presents a similar experiment demonstrated in chapter 5, in a modified 
configuration with replacing DCF and SMF by Mearly chirped fiber Bragg grating 
(LCFBG), significantly improved stability is obtained. 
Chapter 7 demonstrates wavelength switching in actively mode-locked fiber laser. 
With modification on the scheme of dispersive tuning, multiple fiber Bragg gratings 
in cascaded configuration are used, electricaUy wavelength switching is performed 
depending on the fiber length between the adjacent fiber grating. 
Chapter 8 summarizes on the work presented in the thesis and outUnes the possible 
future works which can be carried out. 
•• 
9 
ELECTRICAL WA VELENGTH- TUNABLE PULSES GENERA TED FROM ... CHAPTER 1 
Reference 
1. H. Kobrinski, M. P. Vecchi, T. E. Chapuran, J. B. Georges, C. E. Zah, C. 
Caneau, S. G. Menocal, P. S. D. Lin, A. S. Gozdz, and F. J. Favire, 
"Simultaneous fast wavelength switching and intensity modulatioa using a 
tunable D B R laser," IEEE Phontonics Technol. Lett., vol. 2，pp. 139-142， 
1990. 
2. N. K. Shankaranarayanan, K. Y. Lau, W. B. Sessa, S. G. Menocal, C, -E. 
Zah, C. Caneau, F. Favire, A. Gozdz, and P. S. Lin, 'T)ynamic wavelength 
tuning characteristics of a three-section distributed Bragg reflector laser," in 
Proc. Conf. Opt. Fiber Commun., San Francisco, CA, Jan. 22-26, 1990, paper 
W M 1 6 
3. F. Delorme, P. Gambini, M. Puleo, and S. Slempkes, 'Tast tunable 1.5 m m 
distributed Bragg reflector laser for optical swkching applications," Electron. 
“ 
Lett., vol. 29，pp. 41-43，1993 
4. Y. Kotaki, M. Matsuda, M. Yano, H. Ishikawa. And H. tooai. "1.55 jum 
wavelength tunable FBH-DBR laser," Electron. Lett., vol. 23，pp. 325-327, 
1987 
5. S. Murata, I. Mito, and K. Kobayashi, ‘Tunable D B R laser with wide tuning 
range," Electron. Lett., vol. 24，pp. 557-579, 1988 
10 
ELECTRICAL WA VELENGTH- TUNABLE PULSES GENERA TED FROM ... CHAPTER 1 
6. T. L. Koch., U. Koren, R. P. GnaU, C. A. Burms, and B. I. MiUer, 
"Continuously tunable 1.5 fxm multiple quantum well GaInAs/GakiAsP 
distributed Bragg reflector lasers," Electron Lett., vol. 24，pp. 1431-1433， 
1988. 
» � 
7. S. IUek, W. ThuDce, C. Shanen, H. Lang, and M. C. Amann, "Over 7 nm (875 
GHz) continuous wavelength tuning by tunable twin-guide (TTG) laser 
diode," Electron. Lett” vol. 26, no. 1，pp. 46-47, 1990. 
8. Y. Tohmori, Y. Yoshikuni, H, Ishii, F. Kano, T. Tamamura and Y. Kondo, 
"Over 100 rnn wavelength tuning in superstructure grating (SSG) D B R 
lasers" Electron. Lett., vol. 29，pp. 352-353, 1993. 
9. Yasuhiro Matsui, Satoko Kutsusawa, Shin Arahira and Yoh Ogawa, 
"Generation of wavelength timable gain-switched pulse from FP M Q W lasers 
with external injection seeding," IEEE Phontonics Technol. Lett., vol. 9, pp. 
>1 
1087-1089, 1997. 
10. L. P. Barry, R. F. 0'Dowd, J. Debau, and R. Boittin, ‘Tunable transform-
limited pulse generation using self-injection locking of an FP laser," IEEE 
Photon. Technol Lett., vol 5, pp. 1132-1134, 1993 
11. M. ScheU, D. Huhse, and D. Bimberg, "Generation of 2.5-ps Ught pulses with 
15-nm wavelength tunability at 1.3/im by a self-seeded gain-switched 
11 
ELECTRICAL WA VELENGTH- TUNABLE PULSES GENERA TED FROM ... CHAPTER 1 
semiconductor laser," IEEE Photon. TechnoL Lett., vol 5, pp. 1267-1269, 
1993 
12. D. Huhse, M. ScheU, J. Kaessner, D. Bimberg, I. S. Tarasov, A. V. 
Gorbachov, and D. Z. Garbzov, "Generation of electricaUy wavelength 
tunable (AX=40nm) singlemode laser pulse from 1.3 jum Fabry-Perot laser by 
setf-seeding in a fiber-optic configuration," Electron. Lett., vol. 28, pp. 157-
158, 1994.. 
13. Hao Ding, Shenping Li, Zujie Fang and Kam Tai Chan, 'Wavelength 
switching of semiconductor laser by setf-seeded from a chirped fiber Bragg 
grating" IEEE Phontonics TechnoL Lett., vol. 9，pp. 901-903, 1997. 
14. W. T. Tsang, N. A. Olsson and R. A. Logan, 'THigh-speed direct single-
frequency modulation with large tuning rate and frequency excursion in 
cleaved-coupled-cavity semiconductor lasers" App Phys Lett. vol. 15, pp. 
•• 
650-652, 1983 
15. M. C. Larson, F. Sugihwo, A. R. Messengale and J. S. Harris, Jr. 
"Mircomachined tunable vertical cavity surface emitting lasers," Electron 
Devices Meeting, 1996., International, 1996 pp. 405-408 
16. G. T. Harvey and L. F. MoUeanauer, 'harmonically mode-locked fiber ring 
laser with an intemal Fabry-Perot Stabilizer for soliton transmission," Opt. 
Lett., 18，107 (1993). 
12 
ELECTRICAL WA VELENGTH- TUNABLE PULSES GENERA TED FROM ... CHAPTER 1 
17. R. P. Davey, R. P. E. Fleming, K. Smith, R. Kashyap, and J. R. Armitage, 
"Mode-locked erbium fiber laser with wavelength selection by means of fiber 
Bragg grating reflector," Electron. Lett., vol. 27, pp. 2087-2088, 1991. 
18. K. Tamura and M. Nakazawa, "Dispersion-tuned harmonically mode-locked 




2 PRE^CBPLES A N D THEORffiS 
. . . 
This chapter is devoted to the priociples and theories of generation of wavelength 
m 
tunable pulses by schemes of two-way synchronous injection seeding, compensated 
dispersive tuning in self-seeding configuration and in actively mode-locked fiber 
laser. 
Electrical wavelength tuning is achieved at constant repetition frequency in different 
configuration basing on same scheme, compensated dispersive tuning. Wavelength 
tunable pulses can be generated from two Fabry-Perot laser diodes (FP-LD) in 
injection-seeding configuration, single FP-LD and a modulator in setf-seeding 
configuration, and in actively mode-locked fiber laser, in which dispersion can be 
either provided by fiber or fiber Bragg grating (FBG). 
“ 
Li this chapter, Section 2.1 explains the idea of synchronous injection seeding. 
Section 2.2 details the principle of compensated dispersive tuning in self-seeding 
configuration. Section 2.2 presents the theoretical study of the compensated 
dispersive tuning in actively mode-locked fiber laser. Section 2:4 extents to the 
theoretical study of the wavelength switching in actively mode-locked fiber laser 
with FBG's integrated in the cavity. 
14 
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2.1 Principle of Synchronous Lijection Seeding 
Fig. 2.1 shows the schematic illustration of the synchronous injection seeding. The 
setup is composed by two Fabry-Perot laser diode (FP-LD), a piece of fiber and an 
optical circulator. FP-1 serves as a master laser, which is gain-switched by RF signal 
of sinusoidal fomL Owing to the group'velocity dispersion (GVD) provided by the 
piece of fiber. The wavelength components in the pulses emitted from FP-1 are 
temporaUy separated and then injected into the slave laser, FP-2. Suppose the mode 
spacing for FP-1 is AX, the temporal separation between adjacent longitudinal modes 
ofFP-1 is 
Ar = AADL (2.1) 
Where D and L are the dispersion coefficient and length of the fiber respectively. FP-
t= 0 t= t^ t==t2 
v ^ 、 ， 、 ^ 。 、 、 P w 
^ ^ 1 0 ) I ^ U 
Q - A l ^ J U l ^ Q 
、 i T • 
t,-t,= At 
LL_^^ ^ 
Fig. 2.1 Schematic illustration of the generation of wavelength tunable pulses by 
the synchronous injection seeding. FP-1, FP-2: Fabry-Perot laser diode. DCF: 
Dispersion compensating fiber. SMF: Single mode fiber. OC: optical circulator. 
15 
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2 is driven with same RF frequency as the one that drives FP-1. The time delay 
between the two RF signals however can be accurately controUed. Since different 
wavelength components arrive FP-2 at different time instant, the one arrives FP-2 
during its pulse build up time can be successfully injection-seeded and set FP-2 into 
single mode oscillation. To generate wavelength tunable pulse from-the two gain-
«r 
switched FP laser diodes, one can adjust the time delay such that the desired 
wavelength can be selected. 
Factors, which have effects on the spectral characteristic, include injection power, 
pulse width of output from FP-1, fiber dispersion. With broad optical pulse and smaU 
fiber dispersion, longitudinal modes of FP-1 can not be fully separated, several 
wavelength components are injected into FP-2 and cause a cluster of modes are 
injection-seeded simultaneously. Poor side-mode-suppression-ratio (SMSR) is 
resulted. On the other hand, with large fiber dispersion provided, multi-wavelength 
pulse generation can also take place in case of large fiber dispersion or high 
“ 
repetition frequency. It is caused by fast wavelength component catching up with the 
slow ones in the preceding pulses. The wavelength separation AX can be described 
by 
AA = r/Z)L . (2.2) 
Where T is the period of the driving RF signal. To achieve single mode oscillation 
with high SMSR, the setup is modified as shown in Fig. 2.2. ki the mutual injection-
seeding configuration, each FP-LD's is injection seeded by each other. During the 
transient state of single mode pulse building up, the output from FP-LD's is not the 
whole emission spectrum, instead, optical power are concentrated on the few 
16 
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t = o t=t, t= f2 
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Fig. 2.2 Schematic illustration ofthe generation ofwavelength tunable pulses by 
synchronous two-way injection seeding. 
longitudinal modes that arrive the FP-LD within the 30-60 ps time window of pulse 
build-up. As the two FP-LD's are mutuaUy injection-seeded, S M S R is enhanced for 
each caVity round trip and eventuaUy generate single mode output in the steady state. 
“ 
To make the total cavity dispersion to be zero such that different wavelength 
component has same cavity round trip propagation time. Fiber with opposite 
dispersion is inserted into other part of the cavity. Therefore, the wavelength tuning 
can be performed simply by reset the time delay between the two RF signals. 
17 
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2.2 Principle of Compensated Dispersive Tuning in Self-
seeding Configuration 
ki the previous section, electrical wavelength tuning is achieved by the approach of 
synchronous two-way injection seeding. Without temperature control, single mode 
osciUation can be obtained at spacing, which is common multiple of mode spacing of . 
both FP-LD's in the cavity. To overcome this weakness, a paraUel approach, which 
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Fig. 2.3 Schematic illustration of the generation of wavelength tunable pulses by 
compensated dispersive tuning in self-seeding configuration. 
With compensated dispersive tuning in self-seeding configuration, a FP-LD and an 
intensity modulator are used to generate wavelength tunable pulses. Owing to the 
group velocity dispersion presented by DCF/SMF, different wavelength components 
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are temporaUy separated. The intensity modulator provides a narrow transmission 
window to select a FP wavelength component. IdeaUy, with sufficient dispersion 
only one mode can be successfully transmitted and injected back to the FP-LD. Li 
fact, single mode oscillation can be buiId up with much less fiber dispersion, It is 
because roughly ten cavity round trips are needed for single mode pulse to be buiId 
瓌 
up. SMSR will be enhanced for each round trip, as the domination of optical power 
of the desired cavity mode will increase for each round trip. 
•I 
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2.3 Principle of Compensated Dispersive Tuning in Actively 
Mode-Locked Fiber Laser 
The scheme of compensated dispersive tuning can also be appUed in actively mode-




AM-1 ^ f ^ ^ AM-2 
/ ~ ^ - ^ 3 ~ ^ ^ ^ S — \ 
1 D C F / 
1 SMF 
EDFA M k 
S M F / 
L O f ^ i 
1 ^ 
n 
Fig, 2.4 Schematic illustration of the generation of wavelength tunable pulses by 
compensated dispersive tuning in actively mode-locked fiber laser. EDFA: Erbium 
doped fiber amplifier. AM-1, AM-2: Amplitude modulator. 
providing gain/loss modulation for enabUng the mode-locking operation, the two 
LiNbO3 amplitude modulators also provide wavelength selectivity. By placing 
appropriate fibers between the modulators, part of the cavity is made negatively 
dispersed, and the other part is made positively dispersed. The total cavity dispersion 
is close to zero under the condition 
^SMF^SMF= ^ DCF'^ 'DCF, (2.3) 
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where D and L are the dispersion coefficient and the length of the fiber. The 
subscripts SMF and DCF refer to standard single-mode fiber and dispersion 
compensating fiber, respectively. For Ught pulses propagating from modulator AM-1 
to AM-2, a wavelength component 入 can successfully transmit through the 
modulators when “ 
tsMpW = nT+At (2.4) 
where t sMF (入）is the propagation time of 入 in the SMF, n is an integer, T is the 
modulation period, and Ar is the delay time between the two synchronized RF signals 
driving the modulators. Other wavelengths will experience significant loss owing to 
the time-window gating effect of the modulators. Similarly, when the Ught pulses 
travel from AM-2 to AM-1, the wavelength X should also satisfy the condition 
,DCFW = mJ-Af (2.5) 
where t Dcp (入)is the propagation time of 入 in the DCF and m is an integer. As an 
approximation, the propagation time in the erbium-doped fiber and in the other parts 
of the cavky has been neglected. Eqs. (2.4) and (2.5) together imply that the total 
cavky round-trip time is an integer multiple of the period T and so satisfying the 
resonant condition of mode-locking. The round-trip time is also independent of the 
wavelength, thus is consistent with the criterion stated in Eq. (2.3). As a result, 
electrical tuning can be achieved at a constant repetition frequency. 
hi the experiment, the two ampUtude modulators together with the DCF and the SMF 
operate as an electricaUy Umable optical filter, which enable the wavelength 
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selection. The wavelength selectivity depends on fiber dispersion and waveform of 
modulation signal. Neglecting the insertion loss of the modulator, the transmission of 
the modulator, T can be described as 
T = f{t) (2.6) 
- Where t is the time delay. Transmission is equal to unity at t 二 0. For wavelength AX 
away from the one with unity transmission, 
T = f(t)-f(t-AXDL) (2.7) 
The two amplitude modulators together with the fiber operate as an electricaUy 
tunable filter, the Unewidth at 3-dB loss can be calculated from equation (2.7). 
A weakness in this setup is that in order to have sufficient fiber dispersion for 
acceptable wavelength selectivity. Fiber used will be too long, which result in small 
cavity mode spacing. Environmental perturbation can easily cause modulators losing 
synchronization wkh the pulses in the cavity. The problem can be solved by 
replacing the DCF and the SMF with linearly chirped fiber Bragg gratings (LCFBG). 
•t 
The group velocity dispersion is introduced by the linearly chirped fiber grating, and 
the dispersion is compensated after the pulse is injected into the other port of 
(LCFBG). The modified version of compensated dispersive tuning in actively mode-
locked fiber laser using (LCFBG) grating is shown in Fig. 2.5. 、 
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Fig. 2.5 Schematic illustration of the generation of wavelength tunable pulses by 
compensated dispersive tuning in actively mode-locked fiber laser using linearly 
chirped Fiber Bragg grating. EDFA: Erbium doped fiber amplifier. AM-1, AM-2: 
Amplitude modulator. OC: Optical circulator. LCFBG: linearly chirped fiber Bragg 
grating. ISO: Optical isolator. 
% 
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2.4 Principle of Wavelength Switching in Actively Mode-
Locked Fiber Laser with Fiber Bragg Gratings in 
Cascaded Configuration 
The configuration for wavelength switching in actively mode-locked fiber laser is 
showninFig. 2.6. • 
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Fig. 2.6 Schematic illustration of wavelength switching in actively mode-locked 
fiber laser by scheme ofcompensated dispersive tuning using fiber Bragg grating in 
cascaded configuration. EDFA: Erbium doped fiber amplifier. AM-1, AM-2: 
Amplitude modulator. 0C-1, OC-2: Optical circulator. FBG: Fiber Bragg grating. 
ISO: Optical isolator. 
Similar to the previous section, wavelength selectivity is provided by time window 
gating effect of the two amplitude modulators. Listead of single mode fiber 
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(dispersion compensating fiber), the time delay between the wavelength components 
is introduced by the fiber length between the fiber Bragg gratings. For k FBGs 
connecting in series, the fiber length between them are presented by 
di,2’ d2,3,". di,i+i". dk-i,k 
Then the corresponding time delay is _ 




The corresponding electrical time delay, Zi^i+i needed to switch to adjacent 
wavelength is 
Ti,M=mod{ti,i^jJ) (2.9) 
where T is the modulation period. 
Equation (2.9) describes the ideal case of switching dependence on the electrical time 
II 
delay. Li fact, uncertainty may be introduced, as length of the fiber Bragg grating 
usuaUy is about several millimeters long, which corresponding to about tens of 
picoseconds in time delay. Moreover, the electrical time delay needed is not the same 
for different modulation frequency. Changing modulation frequency may cause 
multi-wavelength output as the condition stated in equation (2.9) can be 
simultaneously satisfied by different wavelength components. 
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3 ELECTRICAL W A V E L E N G T H T U N A B L E 
PULSES GENERATED F R O M T W O - W A Y 
_ S Y N C H R O N O U S INJECTION SEEDED FABRY-
PEROT LASER DlODES 
Basing on the principle developed in Section 2.1 of chapter 2, synchronous two-way 
injection seeding of directly modulated FP-LD's is successfully demonstrated. It is 
proved to be simple and able to generate widely wavelength tunable output at 
constant repetition frequency. ElectricaUy wavelength tunable pulses have been 
generated over a range of 16 nrrL The outputs are obtained at a constant repetition 
frequency about 1 GHz and exhibit a S M S R of about 30 dB. 
hi this chapter, Section 3.1 gives an introduction for this experiment. Section 3.2 
shows the experimental detail. Section 3.3 presents the results and gives command on 
•• 
it. FinaUy, a chapter summary is given in Section 3.4. 
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3.1 Mroduction 
Wavelength-tunable short pulses are of great important in many applications such as 
optical sensing and wavelength-division-multiplexing (WDM) communications. A 
simple and economic way to buiId a widely tunable source is by setf-injection 
seeding or extemal injection seeding of a Fbry-Perot laser diode (FP-LD) [l-3]. Setf-
seeding is achieved by feeding part of the Hght output of the laser source back to 
itself through an extemal cavity. Wavelength tuning can be reaUzed by electrical 
tuning of a FP resonator in the extemal cavity [2] or by mechanical movement of a 
grating [4]. hi an alternate configuration using a dispersive extemal cavity, different 
wavelength component will have different propagation time before they are reflected 
back to the laser diode. Thus, electrical tuning can also be obtained by changing the 
pulse repetition frequency [5]. The conventional extemal injection-seeding approach 
has the advantage that tunable pulses are readily generated at an arbitrary repedtion 
rate. However, a tunable laser is needed to serve as the master source [3]. Also, most 
commercial tunable lasers depend on mechanical movement of an internal diffraction 
grating and thus have a Hmited tuning speed. Here, we report a new scheme of 
synchronous two-way injection seeding in which two economic FP-LD's are used. 
ElectricaUy wavelength-tunable outputs from 1521 to 1537 nm are obtained at a 
constant repetition rate about 1 GHz. 
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3.2 Experimental Details 
Our experiment setup is shown in Fig. 3.1. Two pigtaiIed FP laser diodes are used as 
the optical sources. FP-1 has a mode spacing of 1.00 nm and C W threshold of 30 
mA, while FP-2 has a mode spacing of 0.43 rtm and a C W threshold of 30 mA. The 
two FP-LD's are coupled with each other through an external cavity. The cavity 
consists of two polarization controUers, two optical circulators, a variable optical 
delay line, a fiber coupler, a dispersion-compensating fiber (DCF), and a single-
mode fiber (SMF). The 500-m DCF provides a group velocity dispersion of ~44.8 
ps/nm at 1.55 /mi The dispersion effect is roughly balanced by the 2775-m SMF 
with a dispersion of 47.2 ps/nm at the operating wavelength. 
The FP-LD's are gain-switched at 998.452 MHz. The ac electrical signal for FP-1 is 
derived from a square pulse generator, which is synchronized with a frequency 
synthesizer driving FP-2. The RF power suppUed to each FP-LD is about 20 dBm. If 
the power is too large, degradation in the output side-mode suppression ratio (SMSR) 
•I 
or multimode injection seeding will occur. Owing to the densely spaced longitudinal 
modes, temporal separation between them caused by the fiber dispersion is Umited. 
An electrically controUed tunable delay is used between the two A C signals. The 
optical pulse emitted from FP-1 is directed to the 500-m DCF through an optical 
circulator 0C-1. The wavelength components in the pulse are temporaUy separated 
by group velocity dispersion. After passing through the DCF, the pulse is injected 
into FP-2 through a second circulator OC-2. With sufficient dispersion, only one 
cavity mode will arrive at FP-2 during the time when an optical pulse is built up. 
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Fig. 3.1 Experimental setup on the generation of wavelength-tunable pulses using 
synchronous two-way injection seeding of gain-switched FP-LD's. FP-l,FP-2: 
FP-LD's. PC-1, PC-2: Polarization controller. ODL: Optical delay line. DCF: 
Dispersion compensating fiber. SMF: Single-mode fiber. PD: Photodetector. 
DSO: Digital sampling oscilloscope. OSA: Optical spectrum analyzer. 
Thus, FP-2 is driven into single-mode oscillation under pulse injection seeding [6]. 
The output pulse from FP-2 is fed into the 2775-m SMF. The pulse is then directed 
through the circulator OC-1 to FP-1. With suitable adjustment of the fiber optical 
delay line (ODL), the pulse also arrives at FP-1 just before the laser reaches 
threshold. Thus, synchronous two-way injection seeding occurs and single-mode 
pulses are generated from both LD's. To produce pulses at a different repetition rate, 
one can simply adjust the frequency of the ac signals and choose another suitable 
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fiber-optic delay, hi the setup, the system output is obtained by branching out 30% 
optical signal from the external cavity using a fiber coupler. 
Electrical wavelength tuning is reaHzed by controUing the tunable delay between the 
RF frequency synthesizer and the pulse generator. By adjusting this delay, one can 
V -
select another cavity mode that reaches FP-2 during the pulse buildup time. Thus, 
injection seeding can occur at different wavelengths. Again, the output from FP-2 
propagates through the SMF and injection seeds FP-1. IdeaUy, the external cavity 
propagation time should be independent of the wavelength, i.e., 
^SMF . LsMF ~ ^ DCF • ^ DCF (3.1) 
Where D is the dispersion coefficient, L is the fiber length, and the subscripts refer to 
different types of fibers. Equation (3.1) ensures that aU wavelength satisfy the 
resonant condition for synchronous two-way injection seeding at a chosen RF 
operating frequency. The requirement is however relaxed by a time window of about 
30-60 ps similar to the case of self-injection seeding in a gain-switched FP-LD [7]. 
•I 
Using the measured dispersion values of our DCF and SMF, an imbalance of 2.4 
ps/rnn is obtained. Thus, the maximum variation in the propagation time is about 
38.4 ps over a tuning range of 16 nm. This value is weU within the range of 30-60 ps, 
and thus injection seeding can be achieved over this wavelength range. 
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3.3 Results and Discussion 
Fig. 3.2(a) shows the output spectra of the tunable wavelength oscillation from 1521-
1537 mrL The different plots are obtained by changing the electrical delay between 
the ac signals applied to the FP-LD's. A SMSR of about 30 dB is recorded across the 
16-mn tuning range. The measured Unewidth is about 0.16 nm and is being limited 
by the 0.1-rnn resolution Umit of the spectrum analyzer. Fig. 3.2(b) depicts the 
corresponding optical pulses for a RF frequency of 998.4522 MHz. The measured 
pulse width is about 60 ps. Taking into account 17- and 18-ps response times of the 
photodetector and the samplmg head, respectively, the deconvolved width is about 
54 ps. A variation of smaller than 5% is observe across the range. It is noted that 
optical pulses with different pulse width can be obtained at different part of the 
cavity. If the output port is put after the SMF, it is expected that the pulse profile will 
be modified by group velocity dispersion in the SMF. The pulses then will be sUghtly 
asymmetrical in that the fall time is longer than the rise time. If the output coupler is 
placed just after the DCF, a shorter pulse width should be expected' owing to 
compensation of the frequency chirp. The prediction is confmned by a separate 
experiment showing a difference of about 15 ps in the widths if the output obtained 
from two ports. The result also indicates that the pulses injected into FP-1 are 
broader than those injected into FP-2. 
The variations of the output SMSR and the peak power at different operating 
wavelength are plotted in Fig. 3.3. The SMSR varies from 29 to 34.2 dB and the 
peak power varies from 0.31 to 0.60 m W . There is no exact correlation between the 
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Fig. 3.2 (a) Samples of optical spectra showing the wavelengths obtained 
by electrical tuning on the relative delay time between the R.F�signals. (b) 
Corresponding output pulse trains. 
S M S R and the power. The different factors that affect the output include the 
injection power, the spectral gain, and the spectral overlap between the cavity modes 
of the two FP-LD's. Note that the separations between the data points are not exactly 
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Fig. 3,3 The output side-mode-suppression-ratio and the peak power 
ofthe pulses within the tuning range ofl521 to 1537 nrru 
common multiples of the different mode spacing of the LD's. The matching 
requirement is relaxed by a power-dependent frequency detuning range for injection 
seeding. Fig. 3.4 is the tuning curve showing the relation between the out put 
0i 
wavelength and the electronic delay time. A linear plot with a slope of -2.09x10"^ 
nm/ps is obtained. The value matches closely with the inverse of -44.8 ps/nm, which 
is the group velocity dispersion in the DCF. Thus, the slope of the tuning relation 
can be adjusted simply by choosing desired fiber dispersion. * 
One-way pulse injection seeding can be achieved by omitting the S M F section such 
that FP-1 serves as the master laser and FP-2 behaves as the slave. The schematic 
illustration is shown in Fig. 2.1. hi this case, we fmd that the spectral quaUty of the 
output is severely degraded. The spectrum showed in Fig 3.5(a) shows the spectral 
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Ffe. 3.4 Dependence ofthe output wavelength on the electrical delay time. 
The linearplot shows a negative slope of2.09xI0'^ nm/ps. The result is consistent 
with the value calculatedfrom fiber dispersion. 
output of the configuration when 1000 m DCF is used. It can be observed that a 
cluster of 3-4 longitudinal modes is injection-seeded simultaneously. Fig 3.5(b) 
shows the spectral output of the configuration when 2500 m D C F is used. Multi-
mode oscillation with mode spacing about 4 nm is observed. The value of mode 
spacing shows consistence with the equation (2.2) stated in chapter 2. The result is 
consistent with a recent report on pulse injection seeding of a Q-switched laser diode, 
stating a S M S R of 5 dB with a Hmited tuning range [8]. It is clear that synchronous 
two-way injection seeding provides an effective means to enhance the S M S R and to 
generate tunable pulses at a constant repetition rate. 
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Fig. 3,5 Output spectrum ofsynchronous one-way injection seeding, (a) LocF = 1 
km. (b).Lz)CF = 2.5 km. 
•I 
ti our experiment, the two FP-LD's operate with different output characteristics. 
Under the free-rmming condition, FP-1 has a center wavelength at 1520.0 n m and 
mode spacing of 1.00 nm while FP-2 has a center wavelength at 1525.4 and a mode 
spacing of 0.43 nm. The different mode spacing of the LD's restrict the injection 
seeding to certain wavelengths at which both LD's have a cavity resonance. The 
different positions of the spectral gain also Umit the tuning range. Thus, to optimize 
the performance of the system, identical laser diodes should be used to maximize the 
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overlap of the spectral gain. Fine tuning of the temperature also aUows continuous 
access of the lasing wavelength. 
The tuning range is limited by the repetition rate and the dispersion in the DCF. To 
. • 
一 prevent the fast wavelength components from catching up with slower ones in the 
preceding pulse, the repetition period must be larger than temporal separation of the 
components caused by the fiber dispersion. Otherwise, two cavity modes wiU arrive 
at the laser simultaneously and result in dual-wavelength injection seeding. Thus, 
there is a tradeoff in choosing a high operating frequency or a large tuning range. 
With our chosen dispersion of -44.8 ps/rnn and assuming a constant pulse width of 
60 ps, the maximum repetition frequency is about 1.26 GHz for a 15-nm tuning 
range. By reducing the frequency to 0.92 GHz, we have obtained a 20-nm tuning 
range. The lower Umit to the operating frequency is only determined by the round-
trip propagation time in the external cavity. 
A smaller dispersion should be used for a higher repetition rate. However, there is 
also lower Umit to the dispersion. Less dispersion impUes a smaller temporal 
separation of the neighboring modes, which may result in multiple-wavelength 
injection seeding. 
The average power injected into FP-1 and FP-2 are about 70 and 55 m W , 
respectively. With a larger seeding power, a higher SMSR can be obtained but the 
pulse width is broadened to 80-90 ps. Reducing the seeding power can lead to a 
shorter pulse of about 40-50 ps at expense of a poor SMSR. The total loss in our 
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cavity is about 11.4 dB, which includes a 4.2-dB loss in DCF, a 5.7-dB loss in 
connectors, spUces, optical circulators and SMF, and a 1.5-dB loss owing to fan-out 
by the 30:70 coupler. Within our range of injected power, output pulses with 
improved spectral quaHty and larger amplitude can be obtained by reducing the 
cavity loss. Additional injection-seeded modes can also be expected as the frequency 
detuning range for injection seeding increases with the incident power, resulting in 
an increase number of common modes that can oscillate at both FP-LD's. 
“ 
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3.4 Summary 
Synchronous two-way injection seeding of directly modulated FP-LD's is 
successfuUy demonstrated. Electrically wavelength tunable pulses have been 
generated over a range of 16 n m The outputs are obtained at a constant repetition 
frequency about 1 GHz and exhibit a SMSR of about 30 dB. The output 
characteristics and the tuning range depends on different factors including the 
spectral gain and the mode spacing of the laser diodes, the fiber dispersion, the 
repetition frequency, and the injection power. 
•I 
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4 COMPENSATED DlSPERSWE TUNING lN SELF-
SEEDING CONFIGURATION 
w 
With similar tuning scheme demonstrated in synchronous two-way injection seeding, 
electrically wavelength-selectable pulses can be also generated from a semiconductor 
laser with seLf-seeding approach. A tuning range over 18.5 n m is achieved with most 
outputs having a side-mode-suppression-ratio beyond 30 dB. A Unear relation 
between the output wavelength and the electrical delay time is recorded, with 
consistence to calculated result. 
The content of this chapter is divided into four section, introduction (Section 4.1), 
experimental detail {Section 4.2), results and discussion (Section 4.3) and Summary 
(Section 4.4). '' 
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4.1 Litroduction 
In previous experiment, the generation of electricaUy wavelength-tunable single-
mode pulses has been demonstrated in Fabry-Perot laser diodes (FP-LD) using two-
way synchronous external injection-seeding [1]. The approach offers the advantage 
of a wide tuning range at a'constant operating frequency using simple, inexpensive, 
and readily available commercial components. La contrast to the conventional 
approach in wavelength tuning using a diffraction grating in an external cavity, no 
mechanical adjustment is involved in the scheme. Thus, the output is potentiaUy 
more stable, reproducible, and can easily be adopted for appUcations in fast 
wavelength switching. However, the selected output depends on spectral overlap of 
two similar FP-LD 's, in the last experiment, without temperature controUing of the 
FP-LD's, wavelength tunable single mode pulses can be generated with 4-rnn 
spacing. To make every longitudinal mode of the FP-LD's accessible, a paraUel 
approach of generating electricaUy tunable pulses by compensated dispersion tuning 
is demonstrated. It is performed in an all-fiber cavity using a self-seeding'scheme [2_ 
4]. Listead of employing a pair of FP-LDs with similar output characteristics, a 
single FP-LD and an intensity modulator are used. The selected outputs no longer 
depend on the spectral overlap of two similar modes in the laser diodes for a 
common cavity resonance. Rather, aU F-P modes within the gain bandwidth of the 
laser diode can be selected in the present scheme. W e report electrical tuning at a 
constant repetition rate of 1 GHz over a spectral range of 18.5 nm An output side-
mode-suppression-ratio (SMSR) over 30 dB is recorded across most ofthe range. 
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4.2 Experimental Details 
The experimental setup is shown in Fig. 4.1. A FP-LD is placed in an external cavity 
providing weak and quasi-monochromatic feedback for setf-seeding. The FP-LD has 
a center emission wavelength at 1543.8 rnn and a mode spacing of 1.7 n m The C W 
threshold is about 30 mA. The external cavity consists of an intensity modulator and 
two pieces of fibers with equal and opposite dispersion. An erbium-doped fiber 
amplifier (EDFA) is also integrated into the external cavity to overcome the 
relatively large cavity loss. Both the FP-LD and the intensity modulator are driven at 
the same operating frequency of 1 GHz. 
The electrical output from a RF synthesizer is split into two branches. One branch is 
used to trigger a pulse generator with an electricaUy tunable time-delay module. The 
generator produces square pulses at a repetition frequency same as that of the RF 
synthesizer. The output is used to modulate the FP-LD to produce optical pulses. 
The other electrical branch is ampUfied by 24 dB and is then directed to a comb 
generator. The generator transforms the sinusoidal R.R signal to electrical pulses 
with a width of about 56 ps. The pulses are then used to drive a LiNbO3 intensity 
modulator that provides a narrow transmission window to the optical pulses. 
Wavelength tuning is achieved by electrically controUing the delay time between the 
two R.F. signals driving the FP-LD and the intensity modulator. 
First，optical pulses from the FP-LD are fed into 500-m dispersion con^ )ensating 
fiber (DCF) and are then amplified by an EDFA. Owing to the presence of group 
velocity dispersion, the different wavelength components are temporaUy separated. 
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Fig. 4.1. Experimental setup on the electrical wavelength-tuning scheme using a 
compensated dispersion-tuning approach. FP-LD: Fabry-Perot laser diode; OC: 
_ical circulator; EDFA: erbium dopedfiber amplifier; AM: amplitude.modulator; 
PC-1, PC-2: polarization controllers; DCF: dispersion compensating fiber; SMF: 
single-mode fiber; PD: photodetector; DSO: digital sampling oscilloscope; OSA: 
optical spectrum analyzer. 
The intensity modulator provides a transmission window to select a FP wavelength 
component that arrives at the modulator after the preset electrical delay time. Thus, 
only one mode can successfully transmit through the modulator while the other 
modes are blocked. Before injecting back into the FP-LD, the optical signal again 
propagates through 2670-m single mode fiber (SMF). The negative dispersion 
introduced by the S M F roughly balances the positive dispersion provided by the 
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DCF. Consequently, the cavity propagation time remains about the same for aU 
wavelengths withia the gain bandwidth of the FP-LD. Wavelength tuning can thus 
be achieved simply by adjusting the corresponding time delay in the electrical circuit. 
The operating frequency remains unchanged at different wavelengths across the 
electrical tuning range in the aU-fiber cavity. 
爹 
In our setup, the system output is obtained using a 70:30 fiber coupler placed after 
the modulator. The optical signals are analyzed using an optical spectrum analyzer 
and a 32 GHz photodetector mounted on a 40 GHz digital sampling osciUoscope. 
n 
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4.3 Results and Discussion 
Fig. 4.2 shows the spectral characteristics of some selected outputs across the tuning 
range. The outputs are discretely tuned over 18.5 nm from 1535.3 to 1553.8 n m A 
side-mode suppression ratio of over 30 dB is recorded across most of the range. The 
background reflects the spectral gain profile of the EDF, which have two gain peaks 、 
located at 1535.5 and 1546.6 n m hi the experiment, each cavity mode of the FP-LD 
can be set into single-mode oscillation by adjusting the electrical delay time between 
the synthesizers. Together with thermal control on the FP-LD, aU the wavelengths 
within the 18.5 rnn tuning range are accessible. Fig. lQS) shows the corresponding 
output pulse trains at a constant repetition rate of 1 GHz. The puke width is about 30 
ps at the near end of the tuning range and is about 50 ps at the far end. Difference in 
the pulse width is attributed to a higher differential gain of the laser diode at a shorter 
wavelength. 
Fig. 4.3 shows the dependence of the output wavelength on the electrical,,delay time 
between the R.F. signals driving the FP-LD and the intensity modulator. The graph is 
best described by a straight Une with a slope of 2.17xlQ-^  mn/ps. The result is in 
good agreement with the expected value, 2.23x10"^  nm/ps, derived from the inverse 
of the group velocity dispersion in the DCF. ^ 
The variations of the output peak power and the SMSR at different wavelengths are 
shown in Fig.4.4. The peak power curve depends jointly on the spectral gains of the 
FP-LD and the EDFA. The power is found to be roughly constant at about 2.2 m W 
in the range between 1538 nm and 1546 nm. It drops to 1.5 m W at the near end and 
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Fig. 4,2 (a) Samples ofoptical spectra showing the wavelengths obtained by 
electrical tuning on the relative delay time between the R.F. signals, (b) 
Corresponding output pulse trains. 
to 0.9 m W at the far end of the tuning range. A rapid decrease of power is observed 
at the long wavelength side because the spectral position is far from the gain peak of 
both the FP-LD and the EDFA. At the short wavelength side around 1535 nm, the 
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Fig. 4.3 Dependence of the output wavelength on the electrical delay 
time. The linear plot shows a slope of 2.17x10'^ nm/ps. The result is 
consistent with the calculated value deducedfrom the fiber dispersion. 
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Fig. 4.4 The output side-mode-suppression-ratio and the peak power of the 
pulses within the tuning range ofl535 to 1553 nm 
E D F A provides a significant gain despite a reduction in the FP-LD gain; thus, the 
peak power drops slowly. The S M S R varies between 27.4 to 37.7 dB across the 
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Fig. 4.5 Variation ofthe pulse width across the 18.5 nm wavelength tuning 
range. 
range. Similar spectral dependence is observed as that of the peak power, showing 
that the S M S R has a strong dependence on the optical gain. It is worth mentioning 
that the S M S R also depends on the polarization of the feedback Hght, which varies 
with the output wavelength. 
•I 
Fig. 4.5 shows the dependence of measured pulse width on the output wavelength 
In the long wavelength side from about 1542 to 1554 nm, the pulse width remains 
relatively flat at around 50 ps. The width starts to decrease at 1542 rnn in the short 
wavelength side and becomes about 30 ps at 1535.3 n m The reduction in the output 
pulse width at shorter wavelengths is consistent with the result from other work of 
setf-seeding [5], and is attributed to a higher differential gain ofthe laser. 
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At the expense of output quaHty, the setup can be simplified by removing the EDFA 
from the extemal cavity. The cavity loss is about 17 dB and is mainly caused by the 
loss in the intensity modulator and the dispersion-compensating fiber. Under the 
free-nmning condition, the average power of the gain switched FP-LD is about 500 
M-W. Without the EDFA, the feedback power is not sufficient to seLf-seed a FP cavky 
w 
mode with satisfactory spectral quality. W e have measured an output SMSR of only 
10 dB from a setup with the EDFA removed. One can increase the dc bias or the RF 
power to enhance the feedback optical power; however, a broadening in both the 
lasing linewidth and the pulse-width will occur. The time-bandwidth product will be 
degraded. The selection of wavelength components by dispersion tuning also 
becomes more difficult. Again, a poorer SMSR will result. With the integration of 
EDFA in the extemal cavity, the relative large cavity loss can be easily overcome. La 
addition, the output power can be well controUed without a significant change on the 
spectral quality. 
“ 
The position of the output port plays a critical role in determining the output 
temporal and spectral characteristics, b. a separate experiment, a SMSR of31.28 dB 
and a pulse width of 55 ps are recorded at the setf-seeded wavelength of 1543.6 nm 
when the output port is placed after the modulator, as shown in Fig..4.1. If the port is 
placed after the SMF, the spectral characteristic remains the same whereas the output 
pulse is broadened to 77 ps owing to group velocity dispersion introduced by the 
fiber. 
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For an optimized performance, the output port should be placed after the intensity 
modulator instead of before it. ti such an arrangement, the modulator can provide a 
narrow transmission window to remove the C W amplified spontaneous emission 
noise that wiIl otherwise reduce the output SMSR. 
• ^ 
When the output coupler is placed before the DCF, a 26 dB SMSR and a 80-ps pulse 
width are recorded. If the coupler is placed just before the modulator, the SMSR is 
reduced to about 20 dB and the pulse is narrowed down to 66 ps. The 6-dB 
difference is attributed to a higher gain experienced in the EDFA by the relatively 
weak F-P side modes, thus degrading the output SMSR. The pulse shortening is 
caused by compensation of the negative frequency chirp by group velocity dispersion 
in the DCF. Thus, to obtain a large output SMSR and a low time-bandwidth product, 
the output port should be placed between the modulator and the SMF. 
For the.FP-LD biased with D C current of 14 mA, which is relative smaU compared 
with the threshold current of 30 mA. With high RF power (24 dBm),"the setup is 
driven into active mode-locking operation. Both pulse width and spectral 
characteristics change significantly. Linewidth broadening and pulse shortening is 
observed. Fig. 4.6 shows the spectrum with mode-locking operation, from which, it 
is recorded that the extinction ratio is enhanced to about 40 dB. The corresponding 
pulse train is shown in Fig. 4.7(a). Optical pulse with peak power about 2 m W is 
obtained. The pulse width measured with a 32 GHz photodetector is 27 ps. Latensive 
measurement using second harmonic generation is performed. The autocorrelation 
trace is shown in Fig. 4.70^ ). The trace is curve-fitted with various profiles and it is 
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Fig. 4.6. The output spectrum with the laser under the active mode-locking 
operation. 
found to be best described by HyperboHc Sech waveform. The pulse width found 
assuming HyperboHc Sech waveform is 12.64 ps. The corresponding Unewidth is 0.5 
n m The calculated time-bandwidth product is 0.79. The theoretical limit is 0.32. 
II 
This shows that the pulse is chirped and so can be compressed. 
With the laser working in mode-locking condition, degradation in stability is 
observed. For single-mode operation, fiber with large dispersion need to be used 
under the scheme of compensated dispersive tuning in order to separate the adjacent 
longitudinal mode effectively. This causes significant increase in cavity length, more 
than 3.2 km in the experiment. The result is small cavity mode spacing of 67 kHz. 
Stability degradation is observed. Power fluctuation and mode shifting occurs, hi the 
stability test, constant output peak power can only maintain for five minutes, pulses 
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Fig, 4.7(a) The corresponding output pulse train with the laser under the 
active mode-locking operation. 
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Fig. 4.7(b) Corresponding autocorrelation trace of output pulse train with 
the laser under the active mode-locking operation. The inset shows the 
corresponding spectrum in linear scale. ’ 
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in the cavity easily lose synchronization with the modulator. It caused by 
enviromnental perturbations, including temperature fluctuation and instabiHty of the 
frequency synthesizer. By using the RF spectrum analyzer, it is found that super 
mode suppression ratio drops from 45 dB to less than 40 dB five minutes after 
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4.4 Summary 
ElectricaUy wavelength-selectable picosecond outputs have been generated from a 
semiconductor laser using a new approach of compensated dispersion tuning in an 
aU-fiber self-seeding configuration. The tuning scheme is free from mechanical 
adjustment and can be performed at a constant operating frequency. A tuning range 
over 18.5 rnn is achieved with most outputs having a side-mode-suppression-ratio 
beyond 30 dB. A Unear relation between the output wavelength and the electrical 
delay time is recorded, agreeing weU with the calculated result. 
1/ 
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5 COMPENSATED DlSPERSWE TUNEs[G IN 
ACTIVELY M O D E - L O C K E D FffiER LASER 
Compensated dispersive tuning is also achieved in actively mode-locked erbium 
doped fiber laser. Electrical wavelength-tunable picosecond pulses are generated 
from mode-locked fiber laser. Extinction ratio higher than 40 dB for most of the 
tuning range (21.5 mn) is obtained. The recorded pulse width is about 4.6 ps and the 
corresponding time-bandwidth is 0.32. 
Li this chapter, Section 5.1 gives the brief introduction. Section 5.2 explains the 
experimental detail of compensated dispersive tuning in actively mode-locked fiber 
laser. Section 5.3 presents the experimental result and commends on it. Section 5.4 
summarizes on the experiment. 
“ 
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5.1 kitroduction 
ti view of the growing demand in high-speed wavelength division multiplexing 
communications’ it is important to develop a wavelength-tunable source producing 
Gigahertz transform-Hmited pulses. The use of an actively mode-locked fiber laser 
has been proposed and wavelength tuning has been performed with*a Fabry-Perot 
etalon, an acoustic-optic filter, or a fiber Bragg grating [l-3]. An alternative approach 
is to depend on a dispersion-tuned fiber laser [4-5], which is proved to be relatively 
simple and economic. However, a major Umitation is that wavelength tuning must 
be accomplished by changing the repetition frequency, or by varying the length of an 
air path in the cavity. Thus, the source is not ready for use in communications, hi 
our work, the problem is solved by an improved scheme of wavelength tuning using 
a dispersion-compensated fiber cavity. Electrically tunable pulses at a constant 
operating frequency of 1 GHz are generated over a range of21.5 n m An extinction 
ratio as- high as 47 dB and nearly transform-limited output with a shortest width of 
4.64 ps are obtained. “ 
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52 Experimental Details 
Our experimental setup is shown in Fig. 5.1. The laser cavity is arranged in a ring 
configuration and the gain is provided by an erbium-doped fiber pumped at 980 n m 
Active mode locking is reaHzed by gainAoss modulation of two LiNbO3 amplitude 
modulators (AM). The cavity also contains a standard single mode fiber (SMF) and a 
dispersion compensating fiber (DCF), providing equal and opposite group velocity 
dispersion to wavelength components around 1.55 ^ m. 
According the condition stated in equation (2,3) in chapter 2, part of the cavity from 
AM-1 to AM-2 is made positively dispersed by 2670 m SMF, the other part of cavity 
from AM-2 to AM-1 is made negatively dispersed by 5 0 0 m D C R The magnitude of 
the dispersion is roughly equal to 44.5 ps/nm The output is fan out by 30:70 optical 
coupler. The spectral output is measured by an optical spectrum analyzer of 0.1-rnn 
resolution. The output pulse trains are displayed using a 32 GHz photodetector 
together with a digital sampling oscilloscope. The cavity loss is about 18 dB, which 
includes 10 dB from two modulators, 6 dB from S M F and DCF, 2 dB from the 
coupler, isolators and connectors. 
In our experiment, the two amplitude modulators are driven by 60 ps electrical pulses 
at about 1 GHz. The electrical sources are derived from two synchronized frequency 
synthesizers driving a pair of comb generators. The relative delay time between the 
modulation signals is electricaUy controUed to precisely tune the wavelength of 
operation. 
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Fig. 5.1 Experimental setup on the wavelength-tunable mode-locked 
fiber laser using compensated dispersion-tuning approach. AM-1, AM-2: 
ii 
Amplitude modulators; PC-1, PC-2: Polarization controllers; ISO: Isolator; 
EDFA: Erbium-doped fiber amplifier; SMF: Single mode fiber; DCF: 
Dispersion compensating fiber; PD: Photodetector： OSA: Optical spectrum 
analyzer; DSO: Digital Sampling Oscilloscope; At: Electrical delay time. 
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5.3 Results and Discussion 
Active mode locking is achieved at a modulation frequency of about 1.0039 GHz, 
corresponding to the 15698th harmonic of the fundamental frequency at 63.70 kHz. 
The tunable output is shown in Fig. 5.2. Fig. 5.2(a) depicts samples of spectral 
“ output between 1541.1 and 1554.4 n m An extinction ratio of about 40 dB is 
recorded. Each output mode corresponds to a particular delay time between the two 
RF modulation signals. Jn Fig. 5.2(b), the corresponding output pulse trains are 
shown. The measured pulse width varies between 20 and 35 ps within the whole 
tuning range. 
To eUminate the bandwidth Hmitation of the measurement caused by the system 
response, the output pulse width is also accurately determined using second 
harmonic generation. The autocorrelation trace obtained with an output at 1542 nm is 
shown in Fig. 5.3. The curve is fitted with various profUes and is found to be best 
described by a Lorentzian waveforai The deconvolved pulse width is calculated to 
be 4.64 ps. The corresponding linewidth is 0.55 n m Thus, the time-bandwidth 
product is 0.312，which is not far from the theoretical transform limit of 0.22. 
Fig. 5.4 shows the variation of the extinction ratio across the 21.5.mn tuning range 
from 1536.5 to 1558.0 n m An extinction ratio of over 40 dB is obtained from 1541 
to 1553 n m However, at the two ends of the range, the extinction ratio drops to 25.5 
dB at 1536.5 nm and to 17.4 dB at 1558.0 nm. The reduction in the extinction ratio 
is caused by a number of factors, including a sHght unbalance in the fiber group 
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Fig. 5,2 (a) Samples of optical spectra showing the wavelengths 
obtained by electrical tuning ofthe relative delay time between the RF signals, 
(b) Corresponding output pulse trains. 
velocity dispersion, non-optimized waveform of the electrical modulation signals, 
and the occurrence of dual-mode oscillation. 
In our experiment, the mode-locking operation is optimized at 1542.1 n m The 500 
m DCF, providing a dispersion of - 44.8 ps/nm, is to be compensated by 2670 m 
S M F with a dispersion of 43.1 ps/nm The unbalance of 1.7 ps/nm causes a temporal 
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Fig, 5.3 Autocorrelation trace ofan optical pulse at 1542 nm. The inset shows 
the corresponding spectrum in linear scale. 
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Fig. 5.4 Wavelength dependence ofthe extinction ratio within the tuning 
range. 
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shift of the modes from the cavity resonance at both ends of the tuning range. Thus, 
a reduction in the peak power and a degradation of the extinction ratio are observed. 
The electrical modulation signals obtained from the comb generators show a 
secondary peak at about 160 ps after the main one. Its magnitude is about one tenth 
of the main peak. The non-ideal waveform results in unwanted speetral output about 
3 to 4 nm away from the desired spectral peak. The situation becomes worse when 
the unwanted component is near the peak of the amplified spontaneous emission in 
the EDF. The extinction ratio will be degraded as illustrated in Fig 5.5 (a), hi 
principle, the shoulder can be suppressed by optimizing the waveforms of the 
electrical driving signals, ki the mode-locking experiment, dual-wavelength 
osciUation will occur when a fast wavelength component catches up with a slow one 
in the preceding pulse. The wavelength separation is given by AX = 77 DL, where DL 
is the group velocity dispersion in the DCF or the SMF. Using our experimental 
parameters, AX is calculated to be 22.3 n m Fig. 5.6 (b) iUustrates the reduction in 
the extinction ratio as a result of two-mode oscillation. The main peak is located at 
1558.0 n m La addition to the small peak caused by ASE at 1540.0 nm, another peak 
also evolves at 1535.3 n m A AXof 22.7 mn is observed and agrees well with the 
deduction. Apart from the degradation in the extinction ratio, dual-mode oscillation 
also Hmits the tuning range to be smaller than AX. 
Fig. 5.6 shows the dependence of the output wavelength on the electrical delay time 
between the RF signals driving the two modulators. The plot is a straight Hne with a 
slope of - 2.22 x 10'^  mn/ps. The result is in good agreement with the expected 
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Fig. 5.5 (a) Wavelength selection at 1536.5 nm. The shoulder is attributed 
to the non-optimized waveform of the electrical driving signals and amplified 
spontaneous emission (ASE) in the EDF. (b) Wavelength selection at 1558.0 nm. 
The sub-peaks at 1535.3 and 1540.0 nm are caused by dual-mode oscillation and 
ASE in the EDF, respectively. 
value, - 2.27 x 10"^  mn/ps, derived from the inverse of the group yelocity dispersion 
in the fibers. The Unear tuning characteristic is important for many practical 
appUcations of the fiber laser. 
The RF spectrum of the mode-locked pulses is shown in Fig. 5.7. The small spectral 
peaks at the background are separated with 63 kHz spacing, which is the 
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Fig. 5.6 Dependence ofthe output wavelength on the electrical delay time. 
The plot is linear with a slope of - 2.22 x 10'^ nm/ps. 
fundamental cavity resonance frequency. The highest peak shows the pulse 
repetition frequency of 1.0039 GHz. The figure shows that the super mode extinction 
•• 
ratio is about 37 dB. 
In the experiment, wavelength selectivity is achieved by the two amplitude 
modulators together with the DCF and the SMF. Assuming the modulation signal is 
in the form of Gaussian shape such that neglecting the insertion loss of the 
modulator, the transmission T 
(t Y 
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Fig, 5.7 RF spectrum of the harmonic mode-locked pulses. The modulation 
frequency is 1.0039GHz. The cavity resonance frequency of harmonic mode-locked 
fiber laser is about 63 kHz. 
Where t is the time delay, Ar is the pulse width of the electrical signal. Transmission 
is equal to unity at t = 0. For wavelength AX away from the one with unity 
transmission, 
f f Y ft-MBJ�2 
r = exp[-4h2 — ]exp[-4ki2 ] (5 2) 
⑷ 飞 AT j 
The transmission is maximum at t = tsXDLH with value ‘ 
fAlnrY 
r = exp[-2hi2 i ^ ] (5.3) 
1八 ^ j 
For dispersion equal to 44.8 ps/rnn and pulse width equal to 60ps, 
T = exp[-0.7798AA^] (5.4) 
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The two amplitude modulators together with the fiber operate as an electrically 
tunable filter with 2-rnn Unewidth at 3-dB loss. In the experiment, the Unewidth 
range from 0.5 rnn to 0.6 nm, which is considered to be relative large comparing with 
traditional tunable actively mode-locked fiber laser. Using larger fiber dispersion and 
shorter electrical driving pulses, narrower optical linewidth and thus a smaller time-
bandwidth product can be obtained. However, a larger dispersion will also reduce 
the tuning range owing to the occurrence of dual-mode oscillation. 
^ the setup, the fiber should be sufficiently long to provide group velocky dispersion 
to wavelengths within the tuning range. A cavity length of over 3.2 km is used. A 
disadvantage is that the output becomes sensitive to cavity length variation caused by 
temperature fluctuation, since the cavity mode spacing is relatively smaU. 
Environmental perturbation and instability of the frequency synthesizers will also 
affect the mode-locking condition. The problem can be solved by replacing the DCF 
and the. SMF with Unearly chirped fiber gratings. Hence, the cavity length can be 
•I 
significantly reduced to ensure stable operation. The tunable laser will also become 
more compact and reUable. 
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5.4 Summary 
La conclusion, electrically wavelength-tunable picosecond pulses have been 
generated from an actively mode-locked fiber laser using a scheme of compensated 
dispersion tuning. A Mnear wavelength-timing characteristic is obtained at a constant 
operating frequency over a tuning range of 21.5 nm. An output extinction ratio as 
high as 47 dB is recorded. 
“ 
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6 COMPENSATED DlSPERSWE TUNING JN 
ACTrVELY M O D E - L O C K E D FffiER LASER 
- U s m G LlNEARLY CHHlPED FlBER B R A G G 
GRATENG 
Compensated dispersive tuning is also achieved in actively mode-locked erbium 
doped fiber laser using Unearly chirped fiber Bragg grating (LCFBG) as dispersive 
medium Improved stability is obtained with super mode suppression ratio up to 45 
dB. 
ti this chapter, Section 6.1 gives the brief introduction. Section 6.2 explains the 
experimental detail of compensated dispersive tuning in actively mode-locked fiber 
laser using LCFBG. Section 6.3 presents the experimental result and commends on it. 
Section 6.4 summarizes on the experiment. 
“ 
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6.1 hitroduction 
ti the previous chapter, we demonstrated compensated dispersive tuning in actively 
mode-locked fiber laser using fibers as dispersive medium. However, the output 
suffers from instability, which is caused by relatively long cavity length. To provide 
sufficient dispersion on the same time shortening the cavity length, Unearly chirped 
fiber Bragg grating (LCFBG) can be used to replace the dispersion compensating 
fiber (DCF) and single mode fiber (SMF). By injecting Hghts into both ports of the 
LCFBG, the dispersion introduced by injecting light into one port can be exactly 
compensated by injecting Ught into the other port. With technology available today, 
LCFBG can be fabricated with length over 1 m [1-2], it can provide sufficient 
dispersion over a bandwidth that can cover most range of the gain bandwidth of the 
EDFA. This made LCFBG to be the perfect candidate as dispersive medium in the 
dispersive-timed fiber laser. 
” 
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6.2 Experimental Details 
(SO EDFA 
r " " ™ — ^ ~ ^ ( ^ ~ " ^ 
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[j^  70:30 A _[] il_^ AM-1 coupler( 1 i 
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i i O C - i y LCFBG ^ C - 2 
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Fig. 6.1 Experimental setup on the electrical wavelength switching in mode-
lockedfiber laser using linearly chirped Bragg fiber grating. OC: optical circulator; 
EDFA: erbium dopedfiber amplifier; AM: amplitude modulator; LCBFG: Linearly 
1/ 
chirpedfiber Bragg grating; PC, PC: polarization controllers; ISO: isolator; PD: 
photodetector; DSO: digital sampling oscilloscope; OSA: optical spectrum analyzer. 
Fig. 6.1 shows the experimental setup. To make Ught injecting through LCFBG 
twice, two optical circulators are used to define the optical path of the cavity. The 
light is directed to LCFBG by OC-1 after passing through AM-1, dispersed 
wavelength components are then injected into AM-2. Same as the experiments 
described in last chapter, only the wavelength, which satisfying the time-gating effect 
criteria can be transmitted through AM-2. The same condition also holds for the part 
of cavity from AM-2 back to AM-1 as the light is injected into the other port of the 
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LCFBG. The dispersion introduced is same in magnitude but with different sign. 
Therefore, the total cavity dispersion is close to zero as the single mode fiber (SMF) 
used in the cavity only introduce neglected dispersion owing to the short length. 
The LCFBG used in the experiment is about 5 m m in length. Its bandwidth is about 
1.6 nm at 3-dB loss, which cover wavelength range from 1544 m n to 1545.6 n m The 
reflection spectrum is shown in Fig. 6.2. 
The electrical circuit is same one that is used in the previous experiments. Again, the 
wavelength tuning is achieved by electrical controHing the time delay between the 
RF signals, which drive the two modulators respectively. 
^ T 5dB 
.:• f ~ \ 
f v y / ^ V i % 
I I  
1542 1544 1546 1548 
wavelength (nm) 
fig' 6.2 Reflection spectrum of the linearly chirped fiber Bragg grating. 
Bandwidth is 1.6 nm at 3-dB loss. Center wavelength is 1545 nm. 
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6.3 Results and Discussion 
Active mode locking is achieved at a modulation frequency of about 1.01 GHz, 
corresponding to the 237th harmonic of the fundamental frequency at 4.25 MHz. The 
tunable output is shown in Fig. 6.3. Fig. 6.3(a) depicts samples of spectral output at 
- 1543.8 nm 1544.4 nm and 1544.9 n m An extinction ratio of about 40 dB is recorded. 
The corresponding Unewidth is about 0.25 n m Each output mode corresponds to a 
particular delay time between the two RF modulation signals, ki Fig. 6.2(b), the 
corresponding output pulse trams are shown. The measured pulse width is about 30 
ps, The calculated time-bandwidth product ranges form 0.8 to 0.9. The peak power 
changes from l m W to 1.5mW. The variation is related to the gain profile of the 
EDFA. 
The RF spectrum of the output pulse train is shown in Fig. 6.4. The highest peak 
corresponds to the output pulse repetition frequency of the 1.01 GHz. The smaU 
peaks in the background corresponds to the super modes that has 4.25 M H z in 
f/ 
spacing. The super mode suppression ratio is about 45 dB. Comparing with the RF 
spectrum Fig. 5.7，obtained in last experiment on compensated dispersive tuning in 
fiber laser using D C F and SMF as dispersive medium, in which the super mode 
suppression ratio is about 37 dB, it can be seen that the stability is significantly 
improved. Using LCFBG as dispersive media, the fiber laser can have more stable 
operation. On the other hand, owing to reduction in cavity round trip propagation 
time, the tuning speed is also enhanced. 
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Fig. 6.3 (a) Samples of optical spectra showing the wavelengths 
obtained by electrical tuning ofthe relative delay time between the RF signals, 
(b) Corresponding output pulse trains. 
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Fig. 6.4 RF spectrum of the harmonic mode-locked pulses. The 
modulation frequency is l.OlGHz. The cavity resonance frequency ofharmonic 
mode-locked fiber laser is about 4.25 MHz. 
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5.4 Summary 
lQ conclusion, electrically wavelength-tunable picosecond pulses have been 
generated from an actively mode-locked fiber laser using linearly chirped fiber Bragg 
grating as dispersive medium. Comparing wkh the result of the previous experiment, 
stability is significantly improved with super mode suppression ratio up to 45 dB. 、 
“ 
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7 ELECTRICALLY W A V E L E N G T H S w r T C H m G IN 
A C T W E L Y M O D E - L O C K E D FffiER LASER WFTH 
FffiER B R A G G GRATD^GS Es[ C A S C A D E D 
CONFIGURATION 
Based on the modified scheme of compensated dispersive tuning, we propose and 
experimentaUy demonstrate an approach for wavelength swkching in actively mode-
locked fiber laser integrated with fiber Bragg grating OFBG). Five-wavelength 
switching is achieved at a constant operating frequency of 1.0043 GHz. An 
extinction ratio above 40 dB is recorded. 
In this chapter, Section 7.1 gives the brief introduction. Section 7.2 explains the 
experimental detail of wavelength switching in actively mode-locked fiber laser 
using cascaded FBGs. Section 7.3 presents the experimental result and commends on 
ti 
it. Section 7.4 summarizes on the experiment. 
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7.1 Latroduction 
hi W D M communication applications, it is desirable to have wavelength switchable 
laser source capable of generating high quaUty optical pulses at accurately specified 
wavelength. Actively mode-locked fiber laser with fiber Bragg grating (FBG) 
integrated in the cavity is proved to be a promising one. Previously, wavelength • 
switching is achieved in fiber laser with Hnearly chirped fiber Bragg grating 
integrated in the cavity, owing to unequal cavity length, swkching can be 
accomplished by changing the repetition frequency [1]. Also, with multiple FBGs 
arranged in cascaded configuration, simultaneous generation of multi-wavelength 
optical pulses was demonstrated [2]. However, switching between different 
wavelength can be only made by polarization adjustment so that switching speed and 
stability is Hmited. 
hi the last chapter, we demonstrated wavelength tuning in mode-locked fiber laser at 
constant repetition frequency, hi the laser cavity, linearly chirped fiber Bragg grating 
•I 
(LCFBG) is used as dispersive medium, but the tunability is limited by the dispersion 
of the LCFBG and the pulse width of the RF signal, hi this experiment, we modify 
the setup by arranging fiber Bragg gratings (FBG) in cascaded configuration. 
Electrical wavelength switching between five wavelengths Was achieved with 
extinction ratio above 40dB. 
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7.2 Experimental Detals 
Fig. 7.1 shows the experimental setup. The cavity gain is provided by an EDFA 
pumped with 980-nm laser diode. The wavelengths aUowed to be mode-locked are 
determined by the FBG's, which has reflection wavelength centered at 1543.13 nm 
1545.06 nm, 1547.38 nm, 1549.38 rnn and 155L.06 nm respectively. The FBGs has 
reflectivity about 97% and Unewidth of 0.3 n m The gain>Qoss modulation is 
performed by two LiNBO3 amplitude modulators, which are driven by R.F. signal of 
same frequency. The optical path of mode-locked wavelength are defmed by two 
optical circulators such that >4 has optical path, EDFA~> A M - 1 ^ 1~> 2~> FBGi~> 
2 ^ 3~> AM-2— 1'^ 2，— FBGi— 2，— 3'^ EDFA. The cavity mode spacing is 
4.3 M H z corresponding to the cavity length about 46 m hi the experiment, the 
amplitude modulators are driven at 1004.3 M H z such that the fiber laser is mode-
locked at 234th harmonics. The R.F. signal has pulse width about 60 ps, which is 
generated from a pair of comb generator under driving of frequency synthesizer 
operating at about 1 GHz. “ 
Since FBG's are arranged in cascaded configuration, they reflect different 
wavelength component Xi at different time instant with a time delay depending fiber 
length between the adjacent FBGs. The time needed for A, to travel between the 
amplitude modulators are therefore not equal, by controUing the time delay between 
the R.F. signal driving the modulators, only one of the wavelength components is 
aUowed to be transmitted. The time delay introduced by the path from AM-1 to A M -
2 is compensated in the path from AM-2 to AM-1. Therefore, total round trip time is 
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identical for aU five wavelengths. Hence, wavelength swkching at constant repetition 
frequency can be successfully performed. 
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Fig. 7.1 Experimental setup on the electrical wavelength switc&ng in mode-
locked fiber laser integrated with Bragg fiber grating. OC: optical circulator; 
EDFA: erbium doped fiber amplifier; AM: amplitude modulator; FBGs: Fiber 
Bragg grating; PC, PC: polarization controllers; ISO: isolator; PD: 
photodetector; DSO: digital sampling oscilloscope; OSA: optical spectrum 
analyzer. 
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7.3 Results and Discussion 
Fig. 7.2 shows spectra and the optical pulse train of the five switchable wavelengths. 
The extinction ratio ranges from 40 dB to 45 dB for the five wavelengths. Pulse 
width measurement using a 32 GHz fast photodetector shows that the pulse width is 
about 30 ps and the peak power of optical pulse train is about 10 m W . Wavelength 
switching is accomplished by changing the relative time delay of the R.F. signals, 
which drive the two amplitude modulators respectively. The operating wavelength 
can be mode-locked within a range of relative time delay about 40 ps, the intensity of 
the optical output within it remain roughly unchanged. 
The variation of the time-bandwidth product at different wavelength is shown in Fig. 
7.3. The Hnewidth is about 0.25 nm for the five wavelengths, the time-bandwidth 
product is roughly about 0.9 with a fluctuation no more than 0.1，which imply stable 
operation of the fiber laser. 
i/ 
Fig 7.4 shows the RF spectrum of the output pulse train. The highest peak indicates 
the modulation frequency of 1.0043 GHz. The smaU peaks in the background show 
the fundamental frequency of 4.3 MHz. The super mode suppression ratio of 43 dB 
implies the stable operation of the mode-locked fiber laser. 、 
bi many applications like material characterization and D W D M communication, it is 
important to have wavelength switchable laser source with small separation between 
adjacent channel. With conventional approaches such Kke self-seeding of Fabry-
Perot laser diode [3] or mode locking of fiber laser in a highly dispersive cavity [4], 
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Fig. 7.2 (a) Samples of optical spectra showing the wavelength switching 
between five wavelength by electrical switching of the relative delay time between 
the RF signals, (b) Corresponding output pulse trains. 
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Fig. 7.3 Variation of the time-bandwidth product of the five switchable 
wavelength. 
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Fig. 7.4 RF spectrum of the harmonic mode-locked pulses. The modulation 
frequency is 1.004 GHz. The cavity resonance frequency ofharmonic mode-locked 
fiber laser is about 4.3 MHz. 
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the crosstaDc between slightly separated channels are considered to be relative small. 
lQ this configuration, wavelength switching not only can be performed electrically 
with constant repetition frequency, but also the channel spacing can be arbitrarily 
defmed without reduction in extinction ratio. It is because the crosstaDc between the 
densely spaced channels only depends on the reflectivity of the FBG and the fiber -
length between them 
In the experiment, the mode-locking operation can be performed with tolerance of 
relative time delay about 40 ps, which depends on the length of the fiber Bragg 
grating and the pulse width of R.F. signal. For operation under repetition frequency 
of 1 GHz, approximately 25 channels can be accommodated without sacrificing the 
high extinction ratio. With shortening in length of fiber grating and reduction in 
pulse width of R.F signal, more channel accommodation is expected. 
” 
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7.4 Summary 
Electrical wavelength switching is achieved in mode-locked fiber laser under 
constant repetition frequency. The time-bandwidth product is about 0.9 with 
variation less than 0.1，which implies stable operation of the fiber laser. High 
extinction ratio of more than 40 dB is recorded for aU five wavelengths. -
II 
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8 CONCLUSION A N D FUTURE W O R K S 
ti this chapter, conclusions on the experiments are presented in Section 8.1. bi 
ir 
Section 8.2, possible future works are explored. 
8.1 Conclusion 
Based on the scheme of compensated dispersive tuning, electrical wavelength tuning 
at constant repedtion frequency is achieved in different configuration. Wavelength 
tunable pulses are generated from two Fabry-Perot laser diodes (FP-LD) with 
synchronous two-way injection seeding, from single FP-LD and a modulator with 
compensated dispersive tuning realized in self-injection seeding configuration. The 
same idea can be also appHed in actively mode-locked fiber laser. With the same 
scheme, wavelength tunable pulses are generated in erbium doped fiber laser using 
fibers and Unearly chirped fiber Bragg grating as dispersive medium Also, 
wavelength switching is reaHzed in a similar configuration with minor modification. 
Wavelength tunable pulses are generation from two FP-LD's by synchronous two-
way injection seeding in chapter 3. Electrically wavelength-tunable pulse generation 
has been reaUzed over a range of 16 n m The outputs are obtained at a constant 
repetition frequency about 1 GHz and exhibit a S M S R about 30 dB. Tuning with 
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linear characteristic is obtained. It is found that output characteristics and the tuning 
range depends the spectral gain, the mode spacing of the laser diodes, the fiber 
dispersion, the repetition frequency, and the injection power. 
hi self-injection seeding configuration, compensated dispersive tuning is also 
«r 
reaHzed. Improved tuning characteristic is obtained. With single FP-LD, operating 
wavelength no longer depends on the spectral overlap between two FP-LD's, instead 
single mode operation can be achieved on the every longitudinal mode of the FP-LD 
without temperature controUing. The electrically wavelength-selectable picosecond 
outputs have been generated from a semiconductor laser using compensated 
dispersion tuning in an aU-fiber self-seeding configuration. The tuning scheme is 
free from mechanical adjustment and can be performed at a constant operating 
frequency. A tuning range over 18,5 nm is achieved with most outputs having a 
side-mode-suppression-ratio beyond 30 dB. A Unear relation between the output 
wavelength and the electrical delay time is recorded, agreeing weU with the 
II 
calculated result. 
ElectricaUy wavelength-tunable pulses can be also generated in actively mode-locked 
fiber laser. With single mode fiber (SMF) and dispersion compensating fiber (DCF) 
as dispersive medium, specified wavelength can be selected by time-gating effect of 
the two amplitude modulators. A Hnear wavelength-tuning characteristic is obtained 
at a constant operating frequency over a tuning range of 21.5 n m The output 
extinction ratio as high as 47 dB is recorded. Pulse with pulse width of 4.64 ps is 
obtained with corresponding time-bandwidth of 0.32. 
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hi a modified configuration, by replacing DCF and SCF by linearly chirped fiber 
Bragg grating (LCFBG), compensated dispersive tuning is accomplished in actively 
mode-locked fiber laser with enhanced stability. The obtained pulse width and 
linewidth are about 30 ps and 0.25 nm respectively. The correspond time-bandwidth 
is about 0.9. Owing to the Hmitation of the bandwidth"of the LCFBG, wavelength 
tuning is performed only within 1.1 nm tuning range. Comparing with the result of 
the previous experiment, significantly improved stability is obtained with super mode 
suppression ratio up to 43 dB 
ti compensated dispersive tuning, both tunability and tuning range are Umited by the 
dispersion introduced by fibers or Unearly chirped fiber Brgg grating. By Umiting 
operating wavelength to certain ones using fiber Bragg gratings arranged in cascaded 
configuration, wavelength switching is achieved in actively mode-locked fiber laser. 
The time delay, which is used to switch between wavelengths are defmed by the fiber 
length between the adjacent fiber Bragg gratings. Electrical wavelength switching 
“ 
between five wavelengths is achieved in mode-locked fiber laser under constant 
repetition frequency. The obtained pulse width is about 30 ps with corresponding 
linewidth of 0.25 n m The calculated time-bandwidth product is about 0.9 with 
variation less than 0.1，which implies stable operation of the fiber laser. High 
extinction ratio of more than 40dB is recorded for aU five wavelengths. 
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8.2 Possible Future Works 
1. 
Jn. the experiments performed, the setup can be further improved, hi chapter 4’ 
compensated dispersive tuning is achieved in a seLf injection-seeding configuration. 
、 In the setup, an EDFA is integrated in the cavity to overcome the large cavity loss. 
With using FP-LD with larger power and minimizing the cavity loss, EDFA can be 
omitted to simplify the configuration and reduction in cost is expected, ti chapter 5， 
6 and 7, electrical wavelength Uming/swkching is demonstrated with two 
modulators. The setups can be modified that using single nonlinear fiber loop mirror 
to performed the time gating effect. Hence, wavelength tuning/switching can be 
achieved in aU-optical approach. 
2. 
Multi-wavelength sources are of great importance in many appUcations, such as 
optical measurement and sensing. ConventionaUy, output from set of distributed-
1/ 
feedback lasers or distributed Bragg reflector lasers is combined to generate multi-
wavelength optical pulses. Therefore, multiple laser diodes are needed, and each 
laser requires individual driving circuit. This adds complexity to the system, also 
expensive in cost. * 
tl the compensated dispersion-tuned device demonstrated in this thesis, it is simple 
to generate multi-wavelength tunable pulse only with minor modification on 
experimental parameters. Li the experiments illustrated, by increasing the dispersion 
introduced by fiber or Unearly chirped fiber Bragg grating, tunable multi-wavelength 
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pulses can be readily generated without modification on the experiment setup. The 
wavelength separation can be described by AA = T!D，where the T is the repetition 
frequency and D is the dispersion of fiber or LCFBG. 
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Appendix B. List of Figures 
Fig. 2.1 Schematic illustration of the generation of wavelength tunable pulses by 
the synchronous mjection seeding. FP-1, FP-2: Fabry-Perot laser diode. 
, DCF: Dispersion compensating fiber. SMF; Single mode fiber. OC: 
optical circulator. 
Fig. 2.2 Schematic illustration of the generation of wavelength tunable pulses by 
synchronous two-way injection seeding 
Fig. 2.3 Schematic illustration of the generation of wavelength tunable pulses by 
compensated dispersive tuning in seLf-seeding configuration. 
Fig. 2.4 Schematic illustration of the generation of wavelength tunable pulses by 
compensated dispersive tuning in actively mode-locked fiber laser. 
EDFA: Erbium doped fiber amplifier. AM-1, AM-2: Amplitude 
modulator. 
Fig. 2.5 Schematic illustration of the generation of wavelength tunable pulses by 
•I 
compensated dispersive tuning in actively mode-locked fiber laser using 
linearly chirped Fiber Bragg grating. EDFA: Erbium doped fiber 
amplifier. AM-1, AM-2: Amplitude modulator. OC: Optical circulator. 
LCFBG: Hnearly chirped fiber Bragg grating. ISO: Optical isolator. 
Fig. 2.6 Schematic illustration of wavelength switching in actively mode-locked 
fiber laser by scheme of compensated dispersive tuning using fiber Bragg 
grating in cascaded configuration. EDFA: Erbium doped fiber amplifier. 
AM-1, AM-2: Amplitude modulator. 0C-1, OC-2: Optical circulator. 
FBG: Fiber Bragg grating. ISO: Optical isolator 
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Fig. 3.1 Experimental setup on the generation of wavelength-tunable pulses using 
synchronous two-way injection seeding of gain-switched FP-LD's. FP-
l,FP-2: FP-LD's. PC-1, PC-2: Polarization controUer. ODL: Optical 
delay line. DCF: Dispersion compensating fiber. SMF: Single-mode fiber. 
PD: Photodetector. DSO: Digital sampling oscilloscope. OSA: Optical 
spectrum analyzer! 
Fig. 3.2 (a) Samples of optical spectra showing the wavelengths obtained by 
electrical tuning on the relative delay time between the R.F. signals, (b) 
Corresponding output pulse trains 
Fig. 3.3 The output side-mode-suppression-ratio and the peak power of the pulses 
within the tuning range of 1521 to 1537 n m 
Fig. 3.4 Dependence of the output wavelength on the electrical delay time. The 
linear plot shows a negative slope of 2.09x10'^  mn/ps. The result is 
consistent with the value calculated from fiber dispersion. 
Fig. 3.5 Output spectrum of synchronous one-way injection seeding. (A) LocF = 1 
K M . ( B ) L D C F = 2 . 5 K M . 
“ 
Fig. 4.1 Experimental setup on the electrical wavelength-timing scheme using a 
compensated dispersion-tuning approach. FP-LD: Fabry-Perot laser 
diode; OC: optical circulator; EDFA: erbium doped fiber amplifier; AM: 
anqplitude modulator; PC-1, PC-2: polarization controUers; DCF: 
dispersion compensating fiber; SMF: single-mode fiber; PD: 
photodetector; DSO: digital sampling oscilloscope; OSA: optical 
spectrum analyzer. 
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Fig. 4.2 (a) Samples of optical spectra showing the wavelengths obtained by 
electrical tuning on the relative delay time between the R.F. signals, fl)) 
Corresponding output pulse trains. 
Fig. 4.3 Dependence of the output wavelength on the electrical delay time. The • • 
linear plot shows a slope of 2.17x10.2 nm/ps. The result is consistent with 
the calculated value deduced from the fiber dispersion. ‘ 
Fig. 4.4 The output side-mode-suppression-ratio and the peak power of the pulses 
within the tuning range of 1535 to 1553 rnn. 
Fig. 4.5 Variation of the pulse width across the 18.5-nm wavelength tuning range. 
Fig. 4.6 The output spectrum with the laser under the active mode-locking 
operation. 
Fig. 4.7 (a) The corresponding output pulse train with the laser under the active 
mode-locking operation. 
Fig. 4.7 (b) Corresponding autocorrelation trace of output pulse train with the 
laser under the active mode-locking operation. The inset shows the 
corresponding spectrum in Hnear scale. 
Fig. 5.1 Experimental setup on the wavelength-tunable mode-locked fiber laser 
using compensated dispersion-tuning approach. AM-1, AM-2: AmpHtude 
modulators; PC-1, PC-2: Polarization controUers; ISO: Isolator; EDFA: 
Erbium-doped fiber amplifier; SMF: Single mode fiber; DCF: Dispersion 
compensating fiber; PD: Photodetector; OSA: Optical spectrum analyzer; 
DSO: Digital SampUng Oscilloscope; • t: Electrical delay time. 
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Fig, 5.2 (a) Samples of optical spectra showing the wavelengths obtained by 
electrical tuning of the relative delay time between the RF signals, (b) 
Corresponding output pulse trains. 
Fig. 5.3 Autocorrelation trace of an optical pulse at 1542 n m The inset shows the 
corresponding spectrum in Unear scale. 
V 
Fig. 5.4 Wavelength dependence of the extinction ratio within the tuning range. 
Fig. 5.5 (a) Wavelength selection at 1536.5 nm. The shoulder is attributed to the 
non-optimized waveform of the electrical driving signals and ampHfied 
spontaneous emission (ASE) in the EDF.⑶ Wavelength selection at 
1558.0 n m The sub-peaks at 1535.3 and 1540.0 nm are caused by dual-
mode oscillation and ASE in the EDF, respectively. 
Fig. 5.6 Dependence of the output wavelength on the electrical delay time. The 
‘ plot is Hnear with a slope of - 2.22 x 10'^  nm/ps. 
Fig. 5.7 RF spectrum of the harmonic mode-locked pulses. The modulation 
frequency is 1.0039GHz. The cavity resonance frequency of harmonic 
mode-locked fiber laser is about 63 kHz. “ 
Fig. 6.1 Experimental setup on the electrical wavelength tuning in mode-locked 
fiber laser using Hnearly chirped Bragg fiber grating. OC: optical 
circulator; EDFA: erbium doped fiber ampUfier; AM: amplitude 
modulator; LCBFG: Linearly chirped fiber Bragg; PC, PC: polarization 
controUers; ISO: isolator; PD: photodetector; DSO: digital sampling 
osciUoscope; OSA: optical spectrum analyzer. 
Fig. 6.2 Reflection spectrum of the Hnearly chirped fiber Bragg grating. 
Bandwidth is 1.6 nm at 3-dB loss. Center wavelength is 1545 n m 
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Fig. 6.3 (a) Samples of optical spectra showing the wavelengths obtained by 
electrical tuning of the relative delay time between the RF signals. Qj) 
Corresponding output pulse trains. 
Fig. 6.4 RF spectrum of the harmonic mode-locked pulses. The modulation 
frequency is l.OlGHz. The cavity resonance frequency of harmomc 
‘ mode-locked fiber laser is about 4.25 MHz. 
Fig. 7.1 Experimental setup on the electrical wavelength switching in mode-
locked fiber laser integrated with Bragg fiber grating. OC: optical 
circulator; EDFA: erbium doped fiber amplifier; AM: amplitude 
modulator; FBGs: Fiber Bragg grating; PC, PC: polarization controUers; 
ISO: isolator; PD: photodetector; DSO: digital sampling oscilloscope; 
OSA: optical spectrum analyzer. 
Fig. 7.2 (a) Samples of optical spectra showing the wavelength switching between 
five wavelength by electrical switching of the relative delay time between 
the RF signals, (b) Corresponding output pulse trains 
Fig, 7.3 Variation of the time-bandwidth product of the five switchable 
• • 
wavelength. 
Fig. 7.4 RF spectrum of the harmomc mode-locked pulses. The modulation 
frequency is 1.004 GHz. The cavky resonance frequency of harmomc 








CUHK L i b r a r i e s 
圓__11丨11丨1 
DD37E33Efl 
